In this paper, we propose and experimentally demonstrate a switching multiple input and multiple output (MIMO) system combining with adaptive orthogonal frequency division multiplexing (OFDM) modulation for high-speed indoor visible light communications. The adaptive OFDM modulation, which is realized by power and bit allocation on OFDM subchannels, is utilized to achieve the maximum channel capacity under a given target bit error rate (BER). Meanwhile, the MIMO mode switches between spatial multiplexing and transmit diversity adapting to the channel correlation, where the modulation order solved by adaptive OFDM modulation is chosen as the switching criterion. Experimental results validate data rates improvement over the pure spatial multiplexing and the pure transmit diversity system, where BERs are all below the 7% preforward error correction (pre-FEC) threshold of 3.8 × 10 −3 in experiments.
Introduction
Recently, light-emitting diode-(LED-) based visible light communication (VLC) has become a major candidate for future wireless communication. As a compelling wireless communication technology beyond traditional radio frequency (RF) communications, VLC offers several advantages such as low cost, no need for a license, immunity to electromagnetic interference, and high security [1, 2] . Meanwhile, compared with the subterahertz communication system, which has also been proposed to overcome the shortcomings of RF communication systems effectively [3] , VLC system benefits from its simple system structure and much lower cost. Due to the combination of illumination and communication, a large number of investigations have been focused on indoor high-speed transmission in VLC applications [4] [5] [6] . However, the limited modulation bandwidth of commercial LEDs constrains the transmission data rate, where signals modulated at high frequencies are seriously attenuated because of the physical property of LEDs [7] . As a result, it is vital to employ spectral-efficient techniques to achieve high data rate for indoor VLC system.
Among the approaches reported in previous works, orthogonal frequency division multiplexing (OFDM) and multiple input and multiple output (MIMO) techniques have been considered particularly promising in achieving high data rate, which can even be combined together in the VLC system [8] [9] [10] . Through OFDM modulation, channel is decomposed into multiple frequency-flat channels and the intersymbol interference (ISI) can be eliminated, while MIMO scheme boosts the channel capacity and improves the reliability based on the simple idea of transmitting multiple data streams simultaneously on multiple LEDs.
However, one major limitation on MIMO performance is the correlation of the MIMO VLC channel [4] . Traditional spatial multiplexing MIMO scheme, which transmits independent data streams simultaneously on multiple LEDs, has been proved to be only useful with low channel correlation. Once the channel is highly correlated, i.e., channel gains between different transmitters and receivers are similar to each other, it would be difficult for the receiver to separate the single data streams [11] . Hence, another popular MIMO scheme transmit diversity is proposed to apply to the high channel correlation environment. As same informationbearing signals are sent from multiple LEDs in transmit diversity MIMO scheme, they benefit the high reliability and insensitivity to channel correlation but lack multiplexing gains [12] . Recently, a more intelligent MIMO scheme has been proposed in [13] , where MIMO mode switches between spatial multiplexing and transmit diversity adapting to the channel correlation. In such a way, we can take advantages of both MIMO schemes. However, the switching MIMO scheme is proposed in a fixed-rate MIMO OFDM system, where modulation orders are constant on all OFDM subchannels. Therefore, the transmit diversity scheme has to use a larger signal constellation size to support a high data rate, resulting in worse bit error rate (BER) performance. Otherwise, only low data rate can be reached to ensure the BER under certain threshold.
In this paper, we extend the idea of switching MIMO scheme to a variable-rate MIMO OFDM system. The contribution of this work is to build a switching MIMO VLC system combining with adaptive OFDM modulation for the first time. Firstly, adaptive OFDM modulation is utilized to achieve the maximum channel capacity through power and bit allocation under the constraint of a target BER. Then, the MIMO mode is switched between spatial multiplexing and transmit diversity to adapt to the channel correlation. Specifically, the modulation order solved by adaptive OFDM modulation is chosen as the switching criterion, where the MIMO scheme with higher modulation order is more preferred. Finally, experimental demonstration is set up to investigate the performance of the proposed system, which is compared with the pure spatial multiplexing and the pure transmit diversity system. Experimental results confirm that data rates are improved significantly under the condition of different channel correlations and different locations of transmitters and receivers, where BERs are all below the 7% preforward error correction (pre-FEC) threshold of 3.8 × 10 −3 . The rest of the paper is organized as follows. Section 2 provides the description of the switching MIMO VLC system with adaptive OFDM modulation and the detailed algorithm. In Section 3, experimental demonstration is set up and the discussions of experimental results are given. Finally, we come to the conclusion in Section 4.
Principle
2.1. System Description. The block diagram of the switching MIMO VLC system with adaptive OFDM modulation is shown in Figure 1 , where the detailed signal processing at transmitter and receiver is presented. In the system, the vertical Bell laboratories layered space-time (V-BLAST) architecture [14] and the Alamouti coding [15] are chosen as the mechanisms to realize spatial multiplexing and transmit diversity, respectively. Without loss of generality, a simple MIMO configuration with two LEDs and two photodiodes (PDs) is considered as an example in the paper.
At the transmitter, adaptive modulation is separately implemented on OFDM subchannels in V-BLAST system and Alamouti coding system according to the channel state information (CSI) fed back from the receiver, where power and bits are allocated based on the idea of maximizing the channel capacity. Then MIMO scheme with higher modulation order is determined as the proper one. After MIMO modulation, single data stream is mapped into two parallel data streams as two transmitters are assumed. The OFDM modulation is performed on each data stream, which is realized by inverse fast Fourier transform (IFFT) with cyclic prefix (CP) attached to each OFDM symbol to overcome the ISI. Preambles are inserted orthogonally in front of the two data streams, which are required for synchronization and channel estimation at the receiver. Afterwards, two data streams are upsampled and upconverted to the same carrier, where complex-to-real-value conversion is applied to achieve the real-value OFDM symbols [16] . Finally, by means of adding direct current (DC) offset, positive, and real-valued signals are transmitted through two LEDs in the form of optical power.
At the receiver, optical signals entering two PDs are converted into electrical signals. Note that crosstalk exists in the MIMO channel, since light from a single LED falls on multiple PDs. The demodulation is the inverse process of the modulation at the transmitter. After removing DC from received signals, downconverting and downsampling are performed. Frame synchronization is realized by the special designed preambles. OFDM is demodulated by the fast Fourier transform (FFT) after CP removal. Then, CSI is estimated based on the simple least square algorithm by preambles, which is required for adaptive modulation and MIMO equalization. Finally, channel crosstalk is eliminated by MIMO equalization and QAM demapping is carried out to recover the original signals.
Algorithm Description.
We establish the MIMO switching criterion based on the modulation order, where the higher modulation order that can be supported by V-BLAST or Alamouti coding is chosen as the proper MIMO scheme. Compared with the switching criterion based on BER bounds in fixed-rate system, it is obvious that wrong switching can be avoided as the modulation order actually represents the data rate of the current system. Besides, it is natural to utilize such switching criterion, since the modulation order is the ready-made solution of adaptive OFDM modulation. In the following, adaptive OFDM modulation for V-BLAST and Alamouti coding systems are described, respectively.
Because crosstalk exists among colocated channels, MIMO channel should be decorrelated into parallel singleinput single-output (SISO) channels, and then each SISO channel is further divided into multiple subchannels by using OFDM modulation.
In the V-BLAST system, two symbols are transmitted from two LEDs simultaneously over one symbol period. Hence, the MIMO channel is decorrelated by zero-forcing (ZF) algorithm, which is expressed as
where k is the index of the subchannel, is the number of subchannels, Afterwards, the channel capacity of V-BLAST system can be maximized by allocating the power on all the subchannels from different decorrelated SISO channels under the power constraint, which is formulated as the following optimization problem:
Subject to
where
and [ ] denote the power, the signalto-noise ratio (SNR), and the channel capacity on the kth subchannel of the ith SISO channel, respectively, where SNR can be easily calculated with the help of feedback CSI according to (1) . We solve the optimized power allocated coefficients based on the classic water-filling algorithm.
Then bits are allocated to subchannels to realize the maximum channel capacity under the constraint of a given target BER, which are solved by [17] [ ] = 1 − 1.
where Q i [k] is the modulation order on the kth subchannel of the ith SISO channel and T is the given target BER. Note that modulation orders should be further rounded down to the nearest integer which is the powers of 2.
Finally, the supported modulation order for V-BLAST system is obtained by summing bits over all subchannels of decorrelated SISO channels.
In the Alamouti coding system, two symbols are transmitted from two LEDs over two symbol periods. So the MIMO channel can easily be decorrelated through matrix transformation by combining signals from different receivers with signals from different symbol periods, which can be denoted as [12] According to (5), we find that SNRs on the corresponding subchannels from two decorrelated SISO channel are the same as each other. Moreover, the Alamouti coding system cannot enjoy the multiplexing gain as only one symbol is actually transmitted over one symbol period. Thus, the maximum channel capacity of Alamouti coding system is equivalent to allocate the power on subchannels of one decorrelated SISO channel, which is given by
After bit allocation based on (4), the supported modulation order for Alamouti coding system is calculated by summing bits over subchannels of one SISO channel.
It is worth noting that the switching criterion in variablerate system is still related to the channel correlation. When the channel correlation is low, the modulation order of V-BLAST is higher than Alamouti coding system for its multiplexing gains. However, once the channel is highly correlated, noise would be enhanced by ZF algorithm. Thus, less bits can be allocated because of the worse SNR in V-BLAST system. Nevertheless, SNR performance of Alamouti coding system remains almost the same, since the SNR value of Alamouti coding system depends on the 2-norm of channel matrix. As a result, it is considered as a better choice then.
Experimental Results
Experimentally, demonstration is set up to examine the performance of the switching MIMO VLC system with adaptive OFDM modulation, as shown in Figure 2 . In the experiment, signals are generated by an arbitrary function generator (AFG: Tektronix AFG3252C), which also supplies the DC offset to ensure the positivity of transmitted signals.
The signal peak-to-peak voltage is set to 2.0 V with 2.0 V DC offset so that LEDs may work in the linear region. At the receiver, optical signals are focused on the PDs and converted into electrical signals, which are recorded by a high-speed digital oscilloscope (OSC: Tektronix MSO4104). We use two commercial red light LEDs (Cree XLamp XP-E) as transmitters. We use two PD modules (Hamamatsu C12702-11) as receivers. The rest of system parameters used in experiments are set as follows: the occupied modulation bandwidth is ranged from 0 to 12.5MHz and the upconverted frequency is 6.25MHz; the IFFT/FFT point is 256 with the length of CP equal to 16. As discussed above, channel correlation is considered an important indicator in MIMO VLC system, which reflects the similarity of channel gains between transmitters and receivers. To quantify the similarity, we use the condition number of the channel matrix to measure the channel correlation [18] , which is defined as
where max (H) and min (H) represent the maximum and minimal singular values of the channel matrix H. When channel gains between transmitters and receivers are more similar, the singular values of the channel matrix would be spread out more widely. Thus, less multiplexing gains can be achieved [19] and, obviously, the value of the condition number becomes larger, indicating that the channel correlation gets higher. Note that MIMO channel is divided into subchannels by OFDM modulation in our system. Therefore, the channel correlation indicator K in the paper is calculated by averaging the channel matrix condition numbers over all subchannels. Figures 3 and 4 show the power and bit allocation results for V-BLAST system with different channel correlations. In the figures, Channel 1 and Channel 2 denote the two decorrelated SISO channels, each of which is divided into 256 subchannels. In order to display the bit allocation results more clearly, subchannels numbered from 1 to 256 corresponded to Channel 1 and subchannels numbered from 257 to 512 represent subchannels in Channel 2 in Figures 3(c) and 4(c). As can be seen, the SNRs of Channel 1 and Channel 2 are different, which both decreases dramatically with the frequency growing due to the physical property of LEDs. Hence, power and bit allocation results are also different, where more power and bits are allocated to the subchannels with larger SNRs under the constraint of a given target BER. Comparing Figure 3 with Figure 4 , we find that SNRs are reduced obviously when channel correlation increases. As a result, less bits are allocated on the subchannels in order to maintain the same target BER.
In Figures 5 and 6 , experimental results of power and bit allocation for Alamouti coding system are given. Experimental results prove that SNRs of Channel 1 and Channel 2 are the same in Alamouti coding system, leading to the same power and bit allocation results. Moreover, the experimental results are quite similar to different channel correlations as shown in Figures 5 and 6 , which indicate that the Alamouti coding system is robust to the channel correlation.
To validate the system performance improvement, data rates of the switching MIMO system are compared with the pure V-BLAST system and the pure Alamouti coding system in Figures 7, where adaptive OFDM modulation is implemented in all the systems. Considering the 7% pre-FEC limit of 3.8 × 10 −3 , target BERs are set as 0.001 and 0.003 in experiments. Benefitting from the multiplexing gain, data rates of V-BLAST system are higher than Alamouti coding system when the channel correlation is low. However, they decrease quickly with the channel correlation growing. As for the Alamouti coding system, data rates remain about the same when the channel correlation increases. Thereby, it is more preferred in the high channel correlation environment. Experimental results also verify that the exact switching can always be achieved based on the proposed switching criterion, even around the switching threshold. Besides, compared Figure 7 (a) with Figure 7 (b), it can be seen that data rates are growing with higher target BER, where the switching threshold of the channel matrix condition number increases as well. Furthermore, data rates of the switching MIMO system are also evaluated in terms of the distance between LEDs, the distance between PDs, and the distance between the LED plane and the PD plane, which are denoted as t , r , and , respectively, as shown in Figure 2 . In the experiments, LEDs and PDs should be placed symmetrically; meanwhile, the LED plane and the PD plane are parallel. The target BER is set as 0.003. As shown in Figures 8(a) and 8(b) , the MIMO mode is switched to V-BLAST with t or r growing. The result is straightforward as the channel correlation decreases when the distance between LEDs or PDs becomes farther. However, the MIMO mode is switched to Alamouti coding when increases in Figure 8 (c). The reason is that differences among distances between the ith LED and jth PD would become smaller with the increase of D, leading to more similar link gains of the channel matrix.
Conclusion
In conclusion, we propose and experimentally demonstrate a switching MIMO scheme combining with adaptive OFDM modulation for indoor VLC system. In the system, adaptive OFDM modulation is utilized to maximize the data rate, which is realized by power and bit allocation under the constraint of a given target BER. Meanwhile, MIMO mode is switched between V-BLAST and Alamouti coding to adapt to the channel correlation, where the modulation order solved by adaptive OFDM modulation is chosen as the switching criterion. Experimental results validate the performance improvement over the pure V-BLAST system and the pure Alamouti coding system, where the exact switching can always be achieved with different channel correlations. In this work, we assume that accurate CSI can be obtained at the transmitter, resulting in overloaded feedback in the system. Future work may focus on the study of the limited feedback of the switching MIMO system to achieve the tradeoff between the feedback quantity and the performance loss.
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